Spin waves can probe the Dzyaloshinskii-Moriya interaction (DMI) which gives rise to topological spin textures, such as skyrmions. However, the DMI has not yet been reported in yttrium iron garnet (YIG) with arguably the lowest damping for spin waves. In this work, we experimentally evidence the interfacial DMI in a 7 nm-thick YIG film by measuring the nonreciprocal spin wave propagation in terms of frequency, amplitude and most importantly group velocities using all electrical spin-wave spectroscopy. The velocities of propagating spin waves show chirality among three vectors, i.e. the film normal direction, applied field and spin-wave wavevector. By measuring the asymmetric group velocities, we extract a DMI constant of 16 µJ/m 2 which we independently confirm by Brillouin light scattering. Thickness-dependent measurements reveal that the DMI originates from the oxide interface between the YIG and garnet substrate. The interfacial DMI discovered in the ultrathin YIG films is of key importance for functional chiral magnonics as ultra-low spin-wave damping can be achieved. arXiv:1910.02599v1 [cond-mat.mtrl-sci] 
Spin waves (or magnons) [1] [2] [3] are collective magnetic excitations that can propagate in metals [4] and also in insulators [5] . Intensive research efforts have been made to investigate spin waves in yttrium iron garnet Y 3 Fe 5 O 12 (YIG) [6, 7] which exhibits the lowest damping that is promising for low-power consumption magnonic devices [8] [9] [10] . Most previous works were conducted on bulk or thick YIG films where the Damon-Eshbach (DE) spin-wave chirality [11] [12] [13] is well known for magnetostatic surface spin waves as illustrated in Fig. 1(a) . However, the DE spin-wave chirality was negligible [14] in the thin YIG films which were recently achieved with high quality for on-chip magnonic devices [15, 16] . We report a different type of spin-wave chirality scaled up in ultrathin YIG films, which we attribute to the interfacial Dzyaloshinskii-Moriya interaction (DMI) [17, 18] . Very recently, domain wall motion in Tm 3 Fe 5 O 12 (TmIG) on gadolinium gallium garnet Gd 3 Ga 5 O 12 (GGG) suggested interfacial DMI consistent with the Rashba effect at oxide-oxide interfaces [19, 20] . However independent evidence for the DMI was not provided. Spin waves provide a prevailing method-ology [21] [22] [23] [24] [25] [26] [27] for probing the DMI in metallic multilayers. DMI is the fundamental mechanism to form chiral spin textures, such as skyrmions [28] [29] [30] . Most previous studies on the interfacial DMI [23] focus on measuring frequency shifts δf between counter-propagating spin waves (with wavevectors +k and −k) using Brillouin light scattering (BLS) [24, 26] or all-electrical spin-wave spectroscopy (AESWS) [25, 27] . Moon et al. [23] theoretically predicted the interfacial DMI to generate not only a frequency shift, but also asymmetric spin-wave group velocities. So far, there has been no experimental observation of nonreciprocal spin-wave characteristics and group velocities induced by interfacial DMI in bare ultrathin YIG films on GGG.
In this letter, we report chiral propagation of spin waves in a 7 nm-thick YIG film on a (111) GGG substrate [31] . The spin waves propagating in the chirallyfavored direction are found to be substantially faster than in its counter direction as illustrated in Fig. 1(b) . The asymmetry in group velocities δv g is characterized by AESWS [4, 16, 25, 32] to be approximately 80 m/s. The chiral spin-wave velocities in YIG films can be accounted for by an interfacial DMI [23] and a DMI constant of 16 µJ/m 2 estimated from the experiments. By integrating different antennas, we vary the spin-wave wavevectors and obtain an asymmetric spin-wave dispersion that can be fitted well using the DMI constant extracted from the chiral spin-wave velocities. Five thin-film YIG samples with thicknesses of 7 nm, 10 nm, 20 nm, 40 nm and 80 nm are investigated. The DMI-induced δf [22, 23] and δv g increase when the film thickness decreases, which demonstrates that the DMI in YIG is of interfacial type. We evidence the DMI in the ultrathin YIG films independently by BLS revealing nonreciprocal spin-wave dispersion relations. The DMI constants extracted from the BLS and the AESWS measurements performed on the 10 nm-thick YIG sample agree well. Our discovery makes chiral magnonics [33] [34] [35] a realistic vision as bare YIG offers ultra-low spin-wave damping and thereby enables the plethora of suggested devices that functionalize for instance unidirectional power flow, magnon Hall effect and nontrivial refraction of spin waves.
The YIG films were grown on GGG substrates by magnetron sputtering [31, 36] . The ferromagnetic resonance of the 7 nm-thick YIG film exhibits a narrow linewidth of 1 mT at 13 GHz and thereby the damping parameter is estimated to be 0.001 [36] . The DE spinwave chirality [11] [12] [13] [ Fig. 1(a) ] is negligible when the thickness is 7 nm [14] . However, a new type of spinwave chirality might arise in the presence of DMI where spin waves propagating in opposite directions not only show amplitude nonreciprocity and frequency shifts, but also chiral spin-wave velocities. They are attributed to a DMI-induced drift group velocity whose direction follows a right-handed rule [inset of Fig. 1 
shows a high-angle annular dark-field image near the YIG/GGG interface. To measure the spin wave group velocities, two nano-stripelines (NSLs) are integrated on the 7 nm-thick YIG film to excite and detect spin waves [36, 37] . The spin-wave propagation distance s = 2 µm. The spin-wave transmission spectra S 12 (S 21 ) suggest that spin waves are excited by NSL2 (NSL1) and detected by NSL1 (NSL2), which is defined as −k (+k) spin-wave propagating directions [36] . The measured spectra with an external field swept from -50 mT to 50 mT are shown in Supplementary Material Fig. S3 [36] . Chiral propagation of spin waves is clearly observed with respect to the wavevector k and applied field H. This chirality is manifested in the angle-dependent measurement shown in Fig. 2 . Figure 2 (a) shows angledependent spectra for S 12 (+k), where a clear asymmetry is observed, i.e. the transmission spectrum for +90 • is substantially stronger than that of -90 • . The transmission spectra show contrast oscillations that indicate the phase variation of propagating spin waves [4, 16, 32] . In Fig. 2 (b) we show a single spectrum at 90 • , where a peak-to-peak frequency span ∆f + is marked indicating a phase change of 2π. According to
the group velocity v + g for +k spin waves is estimated as v + g ≈ 312 m/s, and the group velocity v − g for −k spin waves is estimated as v − g ≈ 236 m/s. Interestingly, for -90 • , i.e. a reversed applied field H, the situation is nearly mirrored (Fig. 2 ). This demonstrates that spin waves propagating in two counter directions (+k and −k) exhibit different group velocities which can be reversed by changing the sign of the applied field and thereby chiral spin-wave velocities are observed. Figure 3 shows δv g = v + g − v − g extracted from the field-dependent measurements [36] based on Eq. 1 as a function of the field applied in 90 • . Near zero field, the group velocities reach about 560 m/s and are reciprocal. However, when the field increases, the group velocities for spin waves propagating in +k and −k directions become different. At positive fields, S 12 is faster than S 21 and at negative fields, S 21 is faster than S 12 , i.e. chiral spin-wave velocities are observed (Supplementary Material Fig. S4 [36] ). The δv g shows a distinctive step-like field dependence. Theoretical studies [23, 35] have predicted that interfacial DMI can introduce a drift group velocity v DMI g . We indeed observe v DMI g experimentally. We can extract v DMI g = 40.8 m/s by fitting the experimental results in Fig. 3 with an empirical equation
where H 0 is a fitting field value above which the velocity FIG. 2 . Spin-wave transmission spectra S12 (a) and S21 (c) measured as a function of the field angle θ. The field is fixed at 44 mT. θ is defined as the angle between H and the k. Single spectra at 90 • (dashed lines in (a) and (c)) are shown for S12 (b) and S21 (d). The peak-to-peak frequencies ∆f+ ≈ 0.15 GHz and ∆f− ≈ 0.11 GHz are extracted for the estimation of spin-wave group velocities v + g and v − g . The 260 nm-wide striplines are used in the experiments [36] . difference saturates. The sign of v DMI g is determined by a chiral relation among three unit vectors, i.e. the film normal vectorn, applied fieldĤ, and spin-wave wavevector k [inset of Fig. 1(b) ]. According to previous theoretical studies [23, 35] , one can write
where D the DMI constant, M S saturation magnetization. At a positive field, for example, the drift group velocity is towards the +k direction and therefore the spin-wave group velocity in the +k direction is faster than in the −k direction. Consequently, δv g shows a positive sign and is twice the v DMI g . Based on Eq. 3 and considering an M S = 141 kA/m [31] , we can deduce a DMI constant D = 16 µJ/m 2 . The origin of a finite H 0 is however unclear. It is higher than the coercive field characterized by the vibrating sample magnetometer [36] . In addition, the results of micromagnetic simulations [38] (green dashed line in Fig. 3) shows a step-like field dependence [36] . We speculate that H 0 is related to a DMI-induced effective field that the external field needs to overcome before saturation is established. 
g as a function of the applied field. The field is swept from -50 mT to 50 mT. Black circles are data points calculated using the values of v + g and v − g extracted from experiments [36] . The red line is a fit using Eq. 2. The green dashed line is the micromagnetic simulation results [36] .
To study the k dependence, we integrated coplanar waveguides (CPWs) on the 7 nm-thick YIG film [36] . In spin-wave tranmission spectra [36] , two distinct modes are observed that are attributed to the CPW excited k 1 = 3.1 rad/µm and k 2 = 9.1 rad/µm modes, identified by the CPW Fourier transformation [4, 16, 25, 32, 36] . We can read out the k 1 and k 2 mode frequencies for both S 12 (+k) and S 21 (−k) from experimental data [36] . We summarize data points from NSL and CPW samples in Fig. 4(a) and observe clearly asymmetric characteristics. The spin-wave dispersion relation f (k) [Fig. 4(a) ] can be calculated based on
where γ the gyromagnetic ratio, A = 0.37 × 10 −11 J/m the exchange stiffness constant [40] , t = 7 nm the film thickness. The first term is the non-chiral contribution from the dipole-exchange spin waves [39] in a DE configuration [11, 40] . The second term originates from the interfacial DMI [23] . The chirality is determined by the vector relation (n ×Ĥ) ·k and its amplitude is decided by the DMI strength D. By taking the DMI constant D = 16 µJ/m 2 extracted from δv g , the calculated dispersion relations agree reasonably well with the experimental data points [ Fig. 4(a) ]. We rotate H in the film plane with respect to k and measure δv g as a function of θ [ Fig. 4(b) ]. The sinusoidal angular dependence is observed consistent with the vector relation (n ×Ĥ) ·k in the chiral term of the dispersion (second term of Eq. 4). δv g becomes zero at 0 • indicating a backward volume (BV) configuration [36] . In addition to the 7 nm-thick YIG film, we also measured spin-wave propagation in YIG films with other thicknesses [36] . The thickness dependence of δv g is shown in Fig. 4(c) , where the asymmetry in group velocities enlarges with decreasing thickness. This observation indicates that the observed DMI is an interfacial effect. The DMI constant D can then be expressed as D = λDi t [25] , where D i the interfacial DMI parameter and λ the characteristic length of the interface, which depends on the details of the interface, such as roughness. With a rough estimation of λ being the lattice constant of YIG a = 12.4Å [41] and a linear fitting of Fig. 4(c) , we derive an interfacial DMI parameter D i = 90 µJ/m 2 . The DMI-induced frequency shifts δf [22] [23] [24] [25] [26] are also observed [36] .
The transmission spectra shown in Fig. 2 exhibit a clear amplitude nonreciprocity. The nonreciprocity parameter β = S12−S21 S12+S21 is defined for quantitative analysis. Figure 4(d) shows the angle dependence of β on the 10 nm-thick YIG sample. At θ = 0, the spin-wave propagation is nearly reciprocal because the BV mode is investigated [12] . At θ = 90 • , the nonreciprocity increases when films go thicker [36] due to the DE nonreciprocity [14] . Interestingly, an unexpected increase of nonrecirpocity occurs around 30 • [ Fig. 4(d) ] [36] , which may result from the interfacial DMI. The spin-wave dispersions for DE mode (90 • ), BV mode (0 • ) and an intermediate mode (30 • ) are calculated [36, 39] . In the low k limit, the group velocity evolves from positive to negative values when the field is rotated from the DE to BV configurations. At 30 • , the dispersion becomes rather flat and therefore only a small group velocity v 0 g remains. If the DMI-induced drift group velocity v DMI
As a result, the nonreciprocity is enhanced due to the interfacial DMI [35, 36, 42] .
We confirmed the interfacial DMI in ultrathin YIG films independently by BLS. The BLS spectra measured on the 10-nm thick YIG showed clear frequency shifts δf between the Stokes and Anti-Stokes peaks [36] , indicating an asymmetric dispersion f (k) induced by the DMI. We extract δf from the BLS data and plot them as a function of the spin-wave wavevector k in Fig. 5 , where δf increases with an increasing k. This is consistent with the linear relationship given by δf = 2γ πMS Dk [22] [23] [24] [25] [26] . Fitting the k dependent frequency shifts we extract a DMI constant of 10.3±0.8 µJ/m 2 for the 10 nm-thick sample. This value is in good agreement with 9.9±1.9 µJ/m 2 extracted from the chiral spin-wave velocities measured by the AESWS [Fig. 4(c) ].
We now discuss the origin of the interfacial DMI in ultrathin YIG films. In general, the interfacial DMI stems from the inversion symmetry breaking in the film normal directionn and the spin-orbit coupling. In these samples, the upper surface is either exposed to air or covered by antennas, which are integrated on YIG films by evaporating 100 nm of Au starting with a thin Cr adhesion layer. One may suspect whether the Cr/YIG interface plays a role in generating the DMI. As a control measurement, we replace Cr by Ti and find that the chiral propagation of spin waves is similar [36] . This indicates that the DMI does not originate from the top but from the bottom surface of YIG consistent with TmIG/GGG samples reported recently [19, 20] . The DMI may be enhanced by adding a heavy metal layer [43, 44] on YIG, but consequently the damping will be severely affected [45] . It has been found that ultrathin YIG grown on GGG by pulsed laser deposition may form a thin intermediate gadolinium iron garnet layer [46] . The energy dispersive X-ray spectroscopy and geometric phase analysis [36] are conducted and no significant Gd diffusion is found in the 7 nm-thick YIG film grown by sputtering. Therefore, Gd diffusion may not play the key role for generating the DMI. To fully understand the origin of the interfacial DMI at the YIG/GGG interface, more studies such as first-principals calculations [47, 48] and X-ray magnetic dichroism [49, 50] are required, which are beyond the scope of this work.
To summarize, we have observed chiral spin-wave velocities in ultrathin YIG films induced by DMI attributed to the YIG/GGG interface. The drift group velocity is about 40 m/s yielding a DMI constant of 16 µJ/m 2 . The chirality is ruled by the vector relation (n ×Ĥ) ·k, verified by angle-dependent measurements. The DMI-induced chiral propagation of spin waves in the magnetic insulator YIG offers great prospects for chiral and spin-texture based magnonics [51] [52] [53] .
